The mass of the lenses giving rise to Galactic microlensing events can be constrained by measuring the relative lens-source proper motion and lens flux. The flux of the lens can be separated from that of the source, companions to the source, and unrelated nearby stars with high-resolution images taken when the lens and source are spatially resolved. For typical ground-based adaptive optics (AO) or space-based observations, this requires either inordinately long time baselines or high relative proper motions. We provide a list of microlensing events toward the Galactic Bulge with high relative lens-source proper motion that are therefore good candidates for constraining the lens mass with future high-resolution imaging. We investigate all events from 2004 -2013 that display detectable finite-source effects, a feature that allows us to measure the proper motion. In total, we present 20 events with µ 8 mas yr −1 . Of these, 14 were culled from previous analyses while 6 are new, including OGLE-2004-BLG-368, MOA-2005-BLG-36, OGLE-2012-BLG-0211, OGLE-2012-BLG-0456, MOA-2012-BLG-532, and MOA-2013. In 12 years from the time of each event the lens and source of each event will be sufficiently separated for ground-based telescopes with AO systems or space telescopes to resolve each component and further characterize the lens system. Furthermore, for the most recent events, comparison of the lens flux estimates from images taken immediately to those estimated from images taken when the lens and source are resolved can be used to empirically check the robustness of the single-epoch method currently being used to estimate lens masses for many events.
INTRODUCTION
Gravitational microlensing provides a useful tool for characterizing Galactic objects in a way that is unbiased by their brightness. One way to characterize a lens system is to determine its physical parameters by simultaneously measuring the microlens parallax π E and Einstein radius θ E . The Einstein ring represents the image of the lensed star (source) in the case of exact lens-source alignment, and its radius is commonly used as an angular scale in lensing phenomena. The Einstein radius is related to the physical parameters of the lens system by θ E = (κMπ rel ) 1/2 , where M is the total mass of the lens system, κ = 4G/(c 2 AU), π rel = AU(D
s ), and D l and D s are the distances to the lens and source, respectively. The magnitude of π E corresponds to the relative lens-source parallax, π rel , normalized to θ E . However, it is generally difficult to measure either π E or θ E , making it all the more unlikely to be able to measure both quantities simultaneously. As a result, determining the physical quantities of the lens system via this method has been possible only for a small fraction of lensing events.
Another way to characterize a lens is to directly detect the light from the lens system. In general, direct lens detections are difficult because the typical separations between the lens and source at the time of the event or soon after are on the order of milli-arcseconds (mas), precluding resolution of the lens from the source. Nevertheless, in principle, measuring the flux of the lens and the source separately can be done without resolving the two systems. The flux of the source star can be "de-blended" from the combined blend flux from all unresolved objects, associated or otherwise, by fitting a microlensing model to the ground-based light curve, since only the source star is magnified during the event. A highresolution image of the target then resolves out all unrelated stars with a high probability. Finally, converting the source flux derived from the ground-based data to the photometric system of the high-resolution data, typically taken in the nearinfrared (NIR), and subtracting it from the flux of the target measured in the high-resolution data yields a measurement of excess flux that is not due to the source star itself or to stars with angular separations from the source that are greater than the resolution of the high-resolution data. Assuming this excess flux is due solely to the lens, the lens mass can then be estimated by combining the resulting mass-distance relation with a mass-luminosity relation and measuring the relative lens-source proper motion (e.g., Bennett et al. 2006 Bennett et al. , 2007 .
This "single-epoch" method has been used to estimate the mass of a number of the hosts of planetary microlensing events (e.g., Sumi et al. 2010; Batista et al. 2011) . However, there exists the possibility that some or all of the excess flux arises from companions to either the lens or the source, or even (with much lower probability) flux from unrelated stars that are blended with the source even in the higher-resolution images. Furthermore, ground-based H−band data exist for only a subset of microlensing events. For these cases, aligning the ground-based data from which the source flux is derived to the photometric system of the high-resolution data requires a large number of bright and isolated stars, which is difficult to achieve in the ground-based data due to the crowded fields and in the high-resolution image due to the small field of view. In the case that no ground-based H−band data exist, the source flux derived from the ground-based light curve must be transformed from the I−band optical flux measurements taken during the event to the NIR flux measurements of the high-resolution data. Thus, there are significant uncertainties present, whether in the alignment between the two photometric systems or the flux transformation from optical to NIR.
It is possible to circumvent many of the potential difficulties of the single-epoch method by simply waiting until the source and lens have separated sufficiently that they are resolved in a high-resolution image (Han & Gould 2003) . Then, under the assumption that any potential companions to the lens are sufficiently dim, the flux of the lens can be measured directly, thereby eliminating any potential contamination from unrelated stars or companions to the source as well as any need to calibrate the photometry to the ground-based light curve data. However, most microlensing events toward the Galactic Bulge have sufficiently small relative lens-source proper motions such that resolving the lens and source requires one to wait an inordinately long time.
In this paper, we present a catalog of lensing events toward the Galactic Bulge discovered over the period 2004 -2013 with sufficiently high relative proper motions of µ 8 mas yr −1 to allow for resolution of the lens and source and thus a direct measurement of the lens flux within 12 years, given the ∼0.1 ′′ resolution of ground-based Adaptive Optics (AO) systems and space telescopes. A subset of these events currently retain modest lens-source separations of 20 mas and thus are unresolvable with present high-resolution systems. For these events, taking an immediate NIR highresolution image will allow for a single-epoch estimate of the lens flux. By comparing this measurement to the direct measurement obtained later with an additional highresolution image taken when the lens and source have separated enough to be resolved, it will be possible to directly and empirically test for contamination from companions to the source or from unrelated stars and to uncover any systematic errors involved in the flux alignment or transformation. Our catalog includes 20 total events with relative lens-source proper motions of µ 8 mas yr −1 . Of these, 14 have previously published values of µ while we present the analysis for 6 new events: OGLE-2004 -BLG-368, MOA-2005 -BLG-36, OGLE-2012 -BLG-0211, OGLE-2012 -BLG-0456, MOA-2012 -BLG-532, and MOA-2013 .
The outline of the paper is as follows. In Section 2 we discuss the selection criteria for the events and describe the data for each new event. In Section 3 we explain the analysis procedure of the events. We then combine the results of our analysis with a thorough literature search to provide a catalog of lensing events with high relative proper motion in Section 4. We also specifically address the current and future prospects of directly imaging the lenses in our catalog. In Section 5 we present our conclusions.
EVENT SELECTION AND DATA
The relative lens-source proper motion is determined by µ = θ E /t E . Here t E represents the time for the source to cross the Einstein radius. This Einstein time scale is routinely measured from the analysis of an observed lensing light curve. The Einstein radius is determined by θ E = θ * /ρ, where θ * is the angular radius of the source star and ρ is the angular source radius normalized to the Einstein radius. Both θ * and ρ are observable in the case of certain events, as discussed below. Then, the relative proper motion is expressed in terms of these observable quantities by
We note that the proper motion in equation (1) is in the geocentric frame of reference. However, for our purposes we are interested in the (vector) proper motion in the heliocentric frame µ hel , which is related to the (vector) geocentric proper motion µ geo by (Gould 2004; Dong et al. 2009b) ,
where π rel is the relative lens-source parallax and v ⊕,⊥ is the projected Earth motion at the peak of the event. This conversion thus requires a measurement of π rel , which we lack for all new events presented here. Regardless, the difference between the geocentric and heliocentric time scales is typically small and so likely does not significantly affect our derived results. Therefore, we will heretofore just refer to the magnitude of the geocentric proper motion as µ. We establish the following criteria for the selection of our catalog:
1. The event must display significant finite-source effects.
2. There must be multiband photometric data for the event.
3. The data must be of sufficient quality and coverage to measure t E and ρ robustly.
4. The relative proper motion must be high, specifically the value for µ must be within one sigma of 8 mas yr −1 , or higher.
Finite-source effects are necessary to measure ρ. These effects become important when different parts of a source star experience different amounts of magnification, i.e., when there is a significant second derivative of the magnification across the surface of the source star. In the case of a single lensing mass, this corresponds to an area very near the lens. Thus, prominent finite-source effects can be observed for high-magnification events in which the source passes very near to or over the lens. For a lens system composed of two masses, finite-source effects can be observed in the regions around caustics. Caustics represent the locations in the plane of the source where the magnification of a point-source diverges to infinity. For a binary lens, there exists a set of 1 -3 closed caustic curves, depending on the binary separation. Then, in the case of a binary lens, finite-source effects can be observed when the source approaches near or crosses a caustic.
We require that there exist multiband data in order to estimate θ * . For sources on the main sequence it is possible to estimate their color from their magnitude with reasonable precision. However, for sources that reside on the main sequence turnoff or the subgiant branch, such an estimate is highly uncertain. In these cases the color must be obtained by direct measurement. As most microlensing events in current surveys have sources that do not lie on the main sequence, we require multiband photometry in order to measure the color explicitly, which then allows us to estimate the de-reddened color and brightness of the source, from which θ * can be inferred.
The requirement of precise and dense coverage of a lensing light curve is important for accurately determining the lensing parameters, particularly ρ and t E .
We scour the lists of lensing events discovered during the period 2004 -2013 and identify 20 events that satisfy the above criteria. Among them, 14 events have been previously analyzed, and so we extract their values of θ E and µ from the literature. We identify 6 new events that meet the above criteria and do not have extant Table 1 lists the equatorial and Galactic coordinates for each newly analyzed event.
Each of the events analyzed in this paper is named according to the survey group that alerted (i.e., discovered) the event, followed by the year of discovery, observation field, and a sequence number assigned to that event. Five of the events presented here were independently discovered by the Optical Gravitational Lensing Experiment (OGLE: Udalski (2003)) and the Microlensing Observations in Astrophysics collaboration (MOA: Bond et al. (2001) ; Sumi et al. (2003) ), while one event, MOA-2005-BLG-36, was discovered only by MOA. We label each event such that the name of the group to first alert the event appears first. These events were also observed by follow-up groups using networks of telescopes, including the Microlensing Follow-Up Network (µFUN: Gould et al. (2006)), and RoboNet (Tsapras et al. 2009 ). All events were observed toward the Galactic Bulge, for which the field designation is BLG. In Table 2 we list the telescopes used for the observation of each event.
All data were reduced by the respective groups using their own photometric pipelines, most of which employ difference image analysis (Alard & Lupton 1998; Wozniak et al. 2001; Bramich 2008; Albrow et al. 2009 ). We normalize the flux measurement uncertainties of each data set by first adding a quadratic term to make the cumulative χ 2 distribution approximately linear as a function of magnification and subsequently rescaling the uncertainties so that χ 2 /dof for each data set becomes unity for the best-fit model.
ANALYSIS
The analysis of each of the 6 events follows the same procedure. In the case of a single lens, we search for a best-fit set of lensing parameters starting from a preliminary pointsource model. The lensing parameters include the time of the source's closest approach to the lens, t 0 , the lens-source separation at that moment normalized to the Einstein radius, u 0 (impact parameter), and t E . In order to refine the solution, we then run a Markov Chain Monte Carlo (MCMC) search of parameter space. In this process, we include ρ as an additional parameter to account for finite-source effects.
In the case of a binary lens, we begin with a grid search across the projected separation of the lens components, s, normalized by θ E , the mass ratio of the lens components, q, and the source trajectory angle with respect to the binary lens axis, α. At each (s, q, α) grid point we run an MCMC search to find the best-fit combination of the remaining lensing parameters t 0 , u 0 , t E , and ρ. We iteratively run the grid search to narrow down the parameter space around the global minimum. Starting near the global minimum identified by the grid search we then run a full MCMC search of parameter space, also allowing the grid parameters to vary, to determine the parameters and uncertainties of the best-fit model that minimizes χ 2 . For each event, we estimate θ * based on the multiband (V and I) source brightness measured from the analysis of the lensing light curve. For this, we locate the source star in a color-magnitude diagram of neighboring stars in the same field (see Figure 1) . Using the centroid of the giant clump as a standard candle with (V − I) RC,0 = 1.06 (Bensby et al. 2011) and accounting for how I RC,0 varies with Galactic longitude (Nataf et al. 2013), we compute the de-reddened V and I magnitudes and V − I color of the source assuming a bar angle of 25 degrees (Nataf et al. 2013) and that the source star is located in the bar. First cite the first one (Kervella et al. 2004b) and then cite the second one (Kervella et al. 2004a) .
Because finite-source effects are present in all events, variations in the surface brightness of the source due to limbdarkening must be accounted for to correctly compute the magnification. To do this, we model the surface brightness profile as S λ ∝ 1 − Γ λ (1 − 3cos(φ)/2), where Γ λ is the bandpass-specific limb-darkening coefficient and φ is the angle between the line of sight toward the source and the normal to the source surface. We use the de-reddened color and FIG. 1.-The color-magnitude diagrams for all 6 lensing events. The red filled circle marks the centroid of the giant clump, while the filled green square denotes the source. The magnitude and color plotted here are instrumental, but we are able to obtain the de-reddened source magnitude and color by using the centroid of the giant clump as a standard candle.
brightness of the source star to estimate its spectral type, surface temperature T eff , and surface gravity log g from the calibration tables of Cox (2000) . Using T eff and log g we interpolate across the tables of Claret (2000) to obtain Γ λ , assuming solar metallicity and a microturbulent velocity of v = 2 km s −1 . Table 3 lists the bandpass-specific limb-darkening coefficients used for each event. Table 4 gives the best-fit lensing parameters and their uncertainties for each event. We note that for both OGLE-2012-BLG-0211 and MOA-2012-BLG-532, the source is quite faint. In such cases, the flux measurement uncertainties can be of-order the flux measurements themselves and systematics in the baseline data can thus introduce biases in the determination of t E . For a lengthier discussion of the effect such systematics can have on the microlensing parameters derived from the light curve, please see Yee et al. (2012) . We also include the measurements of the source and blend flux, F s and F b , respectively, the ratio F b /F s , and their uncertainties in Table 5 . We restrict ourselves to those events with OGLE data, as their reported magnitudes are approximately calibrated, and thus quote these values only for the OGLE data. These parameters are useful when measuring the relative lens-source proper motion and lens flux via the methods described in Bennett et al. (2007) . In Figures 2 -7 we present the light curves of the individual events, superimposing the light curve of the best-fit model. The event OGLE-2004-BLG-368 was produced by a binary lens with a projected separation greater than the Einstein radius. In the case of a wide binary with s > 1 there exist two caustics, one close to each lens component. The perturbation occurred when the source passed over the caustic nearest the more massive lens component. The first bump at HJD ′ = HJD − 2450000 ≈ 3184.4 was produced by the source's approach close to a cusp of the caustic. After the initial bump, the center of the source crossed the caustic 4 times, but ρ is larger than the gaps between the caustic entrance and exit and thus each of the two pairings of a caustic entrance and exit appears as a single bump, the first at HJD ′ ≈ 3185.2 and the second at HJD ′ ≈ 3185.7. MOA-2005-BLG-36 was caused by a single lensing mass. This event occurred in a highly extinguished region, so while the source has a faint apparent magnitude, it is actually a giant. The impact parameter is smaller than the normalized NOTE.
-The values quoted here are for a photometric system in which one photon per second is measured from an 18th-magnitude object, and are measured from the OGLE data. source radius, u 0 < ρ, indicating that the lens passed over the source star. As a result, the peak of the light curve is affected by severe finite-source effects and deviates from the standard point-source model.
OGLE-2012-0211 was also caused by a single lensing mass. As in the case of MOA-2005-BLG-36, u 0 < ρ, so the peak of the light curve is similarly affected by finite-source effects. Although the coverage of the peak is incomplete, the data sufficiently cover the portion of the trajectory during which the lens finishes traversing the disk of the source, allowing for the precise measurement of ρ.
The event OGLE-2012-BLG-0456 was produced by a bi- nary with a projected separation near unity. Such a resonant lens configuration creates a single large caustic that is located between the two lens masses. The initial bump in the light curve occurred when the source crossed the cusp near the lessmassive lens component at HJD ′ ≈ 6045. The source then passed inside the caustic, producing the second bump when it exited the caustic at HJD ′ ≈ 6050. Due to the severe finitesource effects that arise from ρ being comparable to the size of the caustic features, each caustic crossing did not form the sharp spike that is characteristic of a point-like source, but instead exhibited a rounded shape.
The light curve of MOA-2012-BLG-532 is characterized by a strong bump followed by a weaker bump near the peak of the light curve. From modeling we find that this central deviation can be explained either by a very close, s ≪ 1, or a very wide, s ≫ 1, binary. This degeneracy, known as the close/wide binary degeneracy, is caused by the similarity in both size and shape of the central caustic of the two sets of binary configurations (Griest & Safizadeh 1998; Dominik 1999) . We find that the wide solution yields a slightly better fit by ∆χ 2 ≈ 10 and thus present the analysis based on the wide solution. In this case, the close/wide degeneracy stems from the intrinsic similarity of the caustics and thus does not lead to a significant difference in the characteristic length or time scales. In the case of MOA-2012-BLG-532, the values for θ E and µ for the close and wide solutions are within one sigma of each other. We find that the strong bump was caused by the passage of the source across the tip of the protruding cusp and that the weak bump was produced by the source's approach to another cusp of the central caustic.
Similar to MOA-2012-BLG-532, the light curve of MOA-2013-BLG-029 is characterized by two bumps near the peak. We find that the event was produced by a close binary with a separation not much smaller than the Einstein radius. As with OGLE-2012-BLG-0456, this produces a single, resonant caustic. In this case, the resonant caustic is elongated, and the deviations were due to successive passages of the source near the cusps of the elongated portion of the caustic. We note that the mass ratio of the binary lens, q ≈ 0.05, is small. Considering that the time scale of the event, t E ≈ 12 days, is typical for events produced by low-mass stars, the small q suggests that the lower-mass lens component is likely a substellar object such as a brown dwarf or even a giant planet. Figure 8 contains the geometry of each event, showing the source trajectory with respect to the lens position and caustics (in the case of the binary lenses). For all events we find no strong evidence for the presence of higher-order effects such as microlens parallax caused by the change of the observer's position induced by the Earth's orbital motion (Gould 1992; Alcock et al. 1995) or a change in the lens position induced by the orbital motion of the lens (Dominik 1998; Albrow et al. 2000; Shin et al. 2011; Skowron et al. 2011; Jung et al. 2013) . This is unsurprising given the relatively short time scale of most of the events, with t E 13 days. The time scale of OGLE-2012-BLG-0211 is longer than those of the other events, but it is not long enough for secure detection of the parallax effect. Additionally, the event is caused by a single mass and thus there is no orbital motion of the lens. We did not consider the effects of terrestrial parallax (Hardy & Walker 1995; Holz & Wald 1996; Gould et al. 2009 ).
RESULTS
In Table 6 we present θ E and µ for the events newly analyzed in this paper as well as the other events with high µ from the literature, listed together chronologically. This catalog includes 20 lensing events over the period 2004 -2013 with high relative lens-source proper motion, µ 8 mas yr −1 , providing a list of events whose source and lens will be sufficiently separated in the next 12 years for follow-up observations using ground-based AO systems or space telescopes that will be able to resolve each component separately.
There exist several instruments that are currently able to observe the Galactic Bulge and achieve the spatial resolution necessary to resolve the lens from the source for each of these events ( 0.1 ′′ ). The Hubble Space Telescope (HST) obtains ∼0.1 ′′ resolution in the NIR with WFC3 (Sabbi & WFC3 Team 2013). Additionally, imaging in the optical with HST provides even greater spatial resolution (∼0.04 ′′ ) and allows for direct comparison to OGLE I-band photometry. On the ground there are multiple instruments with AO systems able to obtain angular resolution at or near the diffraction limit of their respective telescopes in the NIR, including NaCo on the 8.2m UT4 VLT at Cerro Paranal in Chile (Lagrange et al. 2003) , ALTAIR on the 8.1m Gemini N (Christou et al. 2010) and IRCS on the 8.2m Subaru Telescope (Kobayashi et al. 2000) , both at Mauna Kea in Hawaii, GeMs on the 8.1m Gemini S at Cerro Pachon in Chile (Rigaut et al. 2012) , and NIRC2 on the 10m Keck II telescope at Mauna Kea in Hawaii (Wizinowich et al. 2000) .
There is also a myriad of planned next-generation space and ground-based telescopes that will be able to achieve such high angular resolution. In space there will be Euclid, which will achieve ∼0.1 ′′ and ∼0.3 ′′ resolution at visible and NIR wavelengths, respectively (Laureijs et al. 2011 ), JWST, which will achieve ∼0.03
′′ resolution in the NIR with NIRCam (Greene et al. 2010) , and, potentially, WFIRST, whose AFTA design can achieve ∼0.1 ′′ resolution in the NIR (Spergel et al. 2013 ). Currently there are three extremely large telescopes with diameters greater than 20 meters planned, each with a proposed AO system to be used with a NIR imager, including EPICS on the 39.3m European Extremely Large Telescope (Vérin-aud et al. 2010) , NFIRAOS on the 30m Thirty Meter Telescope (Ellerbroek 2013) , and GMTIFS on the 25.4m Giant Magellan Telescope (McGregor et al. 2012) .
CONCLUSIONS
Here we have presented a catalog of microlensing events over the period 2004 -2013 with high proper motion, µ 8 mas yr −1 . In the next 12 years, each of the events in our catalog will be sufficiently separated for direct imaging of the lens system. There are several ground-based telescopes with AO systems operating at or near the diffraction limit and space telescopes that have or will have the angular resolution necessary to resolve the lens from the source on that time scale. Such observations will further characterize each lens system and provide valuable insight into Galactic structure.
We also urge for immediate high-resolution images to be taken of the six events whose lens and source are currently 20 mas. This includes MOA-2011-BLG-040 (∼24 mas), OGLE-2012-BLG-0211 (∼24), OGLE-2012-BLG-0456 (∼24), MOA-2012-BLG-532 (∼18), MOA-2013-BLG-029 (∼8.4), and MOA-2013-BLG-220 (∼12.5). For these events, the lens and source will still be unresolved in high-resolution images taken in the very near future. It will then be possible to compare the estimate of the lens flux obtained using this initial image with that obtained directly using a future high-resolution image taken when the source and lens are resolved. This comparison will provide an empirical check on the robustness of the single-epoch method currently being used to estimate lens masses for many events. 
